Whole cells, morphological components, and various extracts of Candida albicans were tested for toxicity by methods involving biological activities ordinarily used to characterize bacterial endotoxin. Fungal preparations exerted several of these activities, but only at much higher dose levels than those required for bacterial products. Both fungal cell walls and intact cells were pyrogenic in rabbits and lethal to actinomycin D-treated mice, but only the former were also lethal to chicken embryos; neither coagulated a hemolysate of horseshoe crabs. Wallfree fungal protoplasm was minimally pyrogenic but negative in the other assays. Bacterial endotoxin was strongly active in all four systems. The toxicity of fungous cell walls was undiminished after exposure to strong alkali, a treatment which destroyed bacterial endotoxin. Extracts obtained with hot phenol-water or potassium hydroxide killed mice but were nonpyrogenic. A defatted and enzyme-digested ethylenediamine extract was both lethal and pyrogenic. Particulate fungal materials but not bacterial endotoxin induced a granulomatous response in prepared mice. These data indicate that contaminating bacterial endotoxin was not responsible for the biological effects of fungal products and suggest that C. albicans may contain at least two different toxic components. Chemical analyses were performed on soluble fractions, but a role in toxicity could not be assigned to any identified component.
Certain features of experimental candidiasis led Henrici in 1940 (11) and Salvin in 1952 (34) to consider the possibility that Candida albicans possesses an endotoxin. Numerous investigators have attempted to demonstrate such a component, usually by methods used to detect bacterial endotoxin. Among these, Salvin (34) found whole cells lethal to mice, but only when injected in combination with complete Freund's adjuvant. In contrast, Chattaway et al. (4) failed to detect toxicity of Candida extracts in normal mice. Braude, McConnell, and Douglas (2) , as well as Kobayashi and Friedman (17) , produced pyrexia in rabbits by intravenous inoculation of C. albicans, and they described fever curves similar to those produced by gram-negative lipopolysaccharide. Also, Hasenclever and Mitchell (10) found that endotoxin-type tolerance to Salmonella in mice reduced the toxicity of live C. albicans, implying similarity to bacterial endotoxin. C. albicans, however, unlike bacterial endotoxin, did not induce tolerance to toxicity of the salmonellae. Also, it has been shown more recently that the effects of endotoxin tolerance and its role in protecting against C. albicans may be due to factors appearing in the serum after administration of endotoxin (40) . Other findings (12, 17) that seem to relate the toxicity of C. albicans to that of gram-negative bacteria have been those in which the toxic activity of the fungus was associated with the aqueous phase of a hot phenol extraction, a classical method of extracting endotoxin.
As a result of these various investigations as well as the fever and shock seen in acute disseminated candidiasis in man (3) , it is generally accepted that C. albicans is toxic, and often there is the implication that the toxic substance or substances may be similar to bacterial endotoxin.
In all of the investigations purporting to demonstrate toxicity of Candida, the amounts required have been relatively large. There has always been, therefore, a possibility that the effects seen were due to contamination with bacterial endotoxin, a substance that is ubiquitous. But if, in fact, there is a toxic substance(s) in is based upon its behavior in many systems, and the substance(s) responsible for the previously reported fungal activities has not been assayed in a sufficient number of systems in order to illustrate differences as well as similarities with bacterial endotoxins. Furthermore, the major chemical constituents of any toxic substance(s) of C. albicans should be compared with those of bacterial endotoxin. Although bacterial endotoxin has not been purified, there is a chemical defintion based on the consistent finding of certain moieties in many different preparations. The chemical composition of the toxic principle of C. albicans, if indeed there is such, has yet to be characterized.
An investigation was undertaken in which whole cells of C. albicaris, and fractions thereof, were tested in several biological systems of relatively high and approximately equal sensitivity to bacterial endotoxin. Additionally, an effort was made to characterize the major chemical composition of substances from C. albicans found to possess toxicity.
MATERIALS AND METHODS
Growth and harvesting of mass culture. C. albicans 9938, isolated from a patient with cutaneous candidiasis, was kept in stock, stored at 4 C. All glassware coming in contact with the organism (or fractions thereof, throughout the study as well as during culture) was previously depyrogenated by dry heat (180 C) for at least 6 hr. Heat-sensitive materials, such as rubber tubing and stoppers, were first boiled in a 5%c solution of Na2CO3, washed with pyrogen-free water, and then autoclaved. All water was either glass-distilled three times and tested for pyrogenicity in rabbits, or was commercially available, pyrogen-free (Travenol Laboratories, Morton Grove, Ill.). At first, a chemically defined medium was used (29) but, since the toxicity of the organism did not appear altered when grown in glucose-yeast extract-peptone (2.0% :0.3%c: 1 (7c) broth, the latter medium was used through most of the work because of better yields. The organism was grown in 15 (5 min) . Each homogenate was centrifuged at 800 X g for 30 min and then the supernatant fluid from the pressed material was centrifuged twice at 20,000 X g for 30 min, examined by electron microscopy to determine absence of cell wall fractions, designated as protoplasm, and lyophilized. The centrifugate of the pressed material, which consisted of cell walls and unbroken cells, was washed repeatedly with saline, each time collecting the upper portion of the pellet, until a pellet was obtained which consisted of walls free of whole cells. These walls were washed repeatedly with distilled water until they appeared free of cytoplasmic fragments in electron micrographs. Then they were lyophilized. The supernatant fluid (800 X g centrifugation) from the homogenate obtained with the Braun apparatus was discarded but the sediment was used as a second source of cell walls, after washing six times with normal saline, one time with I M saline, ten times with distilled water, and lyophilization.
Extraction procedures. Lyophilized whole cells, cell walls, and protoplasm were washed four times with acetone at 4 C, dried in vacuo, redissolved in distilled water (35 ml/g dry weight), treated with phenol according to Westphal and Jann (39) , and separated into layers (aqueous, phenol-water interphase, phenol, and residue) by centrifugation at 800 X g for 30 min. Each layer was removed by suction and dialyzed against distilled water at 4 C (3 to 4, 4 to 5, 7 to 10, 4 to 5 days, respectively) prior to lyophilization.
Samples of the cell walls were extracted also with KOH, essentially as described by Kessler and Nickerson (16) , and by a somewhat modified and extended version of the Korn and Northcote procedure (18, Fig. l) for anhydrous ethylenediamine extraction. Since the bulk of activity was found in the residues, the residue of the ethylenediamine extraction was defatted (16) , digested with Pronase (grade B, Calbiochem, Los Angeles, Calif.) (33) , and finally extracted again with ethylenediamine in an attempt to solubilize the toxic principle. For control purposes, a flask containing only Pronase and water was put through the same protocol; the resultant solution was neither toxic for treated mice nor pyrogenic for rabbits.
Cell walls (300 mg dry weight) were suspended in 100 ml of 0.1 N NaOH in 95%,7c ethanol for 1 hr at 30 C to determine if toxic properties could be abolished, as reported for bacterial endotoxin (26 (24) . Test materials were inoculated intravenously into New Zealand white rabbits, 2 ml per rabbit and 4 to 12 rabbits per group. Animals were used only once. The fever curves were plotted on graph paper (temperature vs. time), and the areas under the curves were calculated. Similar results were obtained, however, with a few tests with rabbits preconditioned in wooden restrainers and using rectally implanted thermistor probes with a 12-channel thermistor-actuated thermometer (Yellow Springs Instrument Co., Yellow Springs, Ohio).
Charles River CD-1 mice weighing 19 to 21 g were inoculated intraperitoneally with 20 ,g of actinomycin D mixed with test material in a total volume of 1 ml as described by Pieroni et al. (27) . Median lethal dose (LD,w) was calculated from cumulative deaths at 48 hr.
Lethality for chicken embryos was determined essentially as described by Smith and Thomas (37) In an additional test designed to measure the propensity of the fungal material to produce a granulomatous response in mice, the procedure used was that of Selye (36) (9, 38) were prepared from these hydrolysates and examined in a Barber-Colman gas chromatograph, equipped with a flame ionization detector and PR-25 recorder. The U-tube column was packed with 3% OV-1 on 80/100 Chromasorb W HP (Supelco, Inc., Bellefonte, Pa.), and kept at 170 C with injector at 255 C and detector at 235 C. The areas under the recorded curves were computed by triangulation.
Carbohydrates were additionally detected by a glass-paper chromatography technique, similar to that of Kraeger and Hamilton (19) . Soluble extracts were hydrolyzed for 4 hr at 100 C with 4 N aqueous HCl under N2. Residues were hydrolyzed as were the extracts, but for 12 rather than 4 hr. The papers were run using chloroform-methanol-ammonia-water (130: 63:7:4) as a solvent. Total hexoses were determined by anthrone reaction (35) and total carbohydrate by a phenol-sulfuric acid method (7) .
Unbound fatty acids were removed by treatment with chloroform-methanol (2:1, v/v) under N2 for 2.5 hr at 23 C, then overnight at 4 C (6). Methyl ester derivatives of the fatty acids were prepared with boron trifluoride in methanol (23, 25) . Detection was by the gas-liquid chromatograph as described for quantitation of carbohydrates, except that the column was packed with 15% EGSS-X 100/120 mesh, Gas Chrom P (Applied Science Laboratories, State College, Pa.). A known amount of n-heptadecanoic acid (Supelco, Inc., Bellefonte, Pa.) was added prior to preparation of the derivatives to serve as an internal standard for purposes of quantitation. A colorimetric test for fatty acids, based on the formation of hydroxamic acids, was used also (30) .
Protein was determined by the method of Lowry et al. (22) .
RESULTS
With one exception, whole cells and cell walls of Candida were active in only two of the four biological systems ordinarily used to assay bacterial endotoxin, viz., pyrogenicity in rabbits and lethality for treated mice (Table 1) , and this activity occurred primarily in response to a relatively large inoculum. The curves depicting the febrile responses tended to be irregular and monophasic, which was true throughout the study, whereas those to bacterial endotoxin usually were biphasic. Candida protoplasm produced a minimal response in rabbits but all other biological tests with this fraction were negative. Some cell wall preparations were toxic for chicken embryos.
Both cells and cell walls induced a granulomatous response in the air pouches of mice (Table 1) . But the amount required was considerably lessened when the animals had been subcutaneously inoculated 2 weeks previously with whole cells in Freund's adjuvant; there was no diminution of activity with the smallest amount (1 mg) tried. Irrespective of prior treatment, however, thickened tissues of all grossly reactive sites had serosanguinous fluid, denoting a hemorrhagic inflammatory response. Grossly negative pouches, which included the saline controls as well as pouches of nonsensitized animals given a low dose (1.5 mg) of fungal material, contained, if anything, only a small amount of clear fluid. Histologically, the walls of reactive pouches consisted of fibrous tissue with numerous round cells and polymorphonuclear leukocytes.
The three extraction procedures tried (Tables  2 and 3 ) failed to extract the substance(s) responsible for pyrogenicity in rabbits but each extracted, at least partially, the substance(s) lethal for treated mice. In each instance the extracted residues were both pyrogenic for rabbits and lethal for the mice. The KOH method, how- (Table 5) .
The active principle(s) was solubilized ( The active material recovered from the aqueous phase of the hot phenol extraction of whole cells yielded two peaks when applied to a Sepharose 2B column (Fig. 2) . Fractions 8 to 22 were pooled, dialyzed, lyophilized and designated peak I. Fractions 23 to 50 were collected and designated peak II. Although peak I showed relatively little absorption at 260 nm, it represented 30% (dry weight) of the total material recovered from the column. Both pools were tested for mouse lethality. The LD50 of peak I for treated mice calculated from inocula of 10, 1, and 0.1 mg into groups of 8 to 14 animals, was 2.4 mg. In a similar set of experiments with peak II, an LD50 was not obtainable; with the highest dose only 2 of 13 animals died.
Chemically, the active extracts were mainly carbohydrate, with some protein (Table 6) . Glucosamine was detected only in the residue from the ethylenediamine-Pronase extraction ( Table 7 ). The developed spot was substantial, with an intensity at least equal to that of the glucose component. Fig. 1 ).
c Substances solubilized by ethylenediamine, defatting with ether, and enzyme digestion; characterized by ethanol precipitability (precipitate 2 of Fig. 1 ).
DISCUSSION
Pyrogenicity in rabbits and lethality for treated mice were noted when using either whole cells or cell walls of C. albicans, but as in previous studies, only with milligram amounts of fungal material as compared with microgram amounts of bacterial endotoxin. This requirement for relatively large inocula would seem to indicate that either the fungal toxic materials are different from those of bacteria or that the active substance(s) is present in only very small quantities. Unlike bacterial endotoxin, the fungal materials usually did not produce a type of fever response in rabbits that was typically biphasic.
In the case of the Limulus and chicken embryo tests, except for cell walls, the fungal substances were negative ( Table 1 ). The reason why walls were lethal to the embryos and whole cells were not is unclear because if the activity had been due to fungal toxicity, intact cells would be expected also to have shown activity. There was some evidence, however, that the deaths induced by walls were nonspecific since deterioration of the embryos' venous structure occurred before that of controls inoculated at the same time with lethal doses of bacterial endotoxin.
Further differences between fungal and bacterial toxic substances can be seen by comparing the activities of cellular extracts. Bacterial endotoxins, except for a few such as from Citrobacter freundii (28) , Brucella abortus (20) , and a mutant of Salmonella minnesota (15) , are readily transferable into the aqueous phase upon extraction with hot phenol, and are toxic to mice. Extraction of C. albicans with hot phenol also yielded a substance in the aqueous phase which was toxic to mice but only at the dose of 15 mg (Table 2) . Furthermore, the phenol-extractable substance of Candida, unlike that of bacterial endotoxin, was essentially nonpyrogenic in rabbits, even with 15 mg. The pyrogenic factor was associated solely with the residue and the interphase of the phenol extraction. Inextractability of the pyrogenic factors seems to imply that either (i) the pyrogenic substance contains a relatively large amount of substance(s) which becomes water-insoluble upon treatment with phenol, such as protein found at the interphase and residue, or substances which are normally hydrophobic such as lipid which is recoverable in the phenol phase (an unlikely case since the phenol phase of whole cells was not active), or (ii) the pyrogenic principle is somehow bound to the main structural components of the cell wall and protected from the action of phenol. It was earlier reported by Kobayashi and Friedman (17) that slight febrile responses were seen in rabbits inoculated with 15 mg of aqueous phase from a phenol extraction of C. albicans. Even in that study, however, the bulk of activity remained in the residue.
A further comparison that can be made between the phenol-extractable portion of the fungus and bacterial endotoxin is by column separation. When either was applied to a Sepharose column, the bulk of activity appeared in the void volume (Fig. 2) . This, however, indicates only that both are of high molecular weight and does not imply identity.
The interphase from the phenol extraction of the yeasts had both pyrogenicity for rabbits and lethality for mice, comparable to that of the residue from phenol extraction of cell walls, but this does not necessarily mean the active principle was extracted from the cells inasmuch as the interphase contained particulate matter resembling the residue. Work should be done to distinguish further between interphase and residue materials. Certainly these materials are not identical since they are found at different levels after centrifugation. This difference may represent, however, only a difference in density and not in chemical constituents. These results were interpreted to mean that a factor which was pyrogenic to rabbits and lethal to mice was not extracted by hot phenol. These failures, coupled with those of others (17) to extract fungal toxic substances by methods used to extract bacterial endotoxin, such as trichloroacetic acid and ether, again imply that either the fungal toxin(s) responsible for pyrogenicity is chemically unlike bacterial endotoxin and not extractable by methods traditionally used to extract bacteria, or that the material is somehow bound to the constituents of the cell wall in such a way as to be protected during extraction by these methods. Considering these possibilities, procedures were attempted that have been used to extract fungal cell walls, viz., KOH and ethylenediamine (Table  3) . Again, however, the extracts were lethal for actinomycin D-treated mice but were not pyrogenic for rabbits, and, again, the residues had both properties.
The possibility was considered of including digestion with a proteolytic enzyme in the protocol, for if fungal cell walls contain glycoprotein, as has been suggested by Bartnicki-Garcia (1), digestion might hydrolyze the insoluble macromolecular complex into soluble constituents such as glycopeptides which then might show activity. Indeed, ethylenediamine extraction of cell walls, followed by defatting and Pronase digestion, led to the recovery of a water-soluble substance lethal to actinomycin D-treated mice and pyrogenic for rabbits (Table 4) . But the residue still had both properties. Apparently, even these procedures cannot entirely extract the toxic substance(s) of C. albicans.
Our results with the various extractions could be interpreted as meaning that C. albicans possesses at least two kinds of toxic substances. One is characterized by its lethality for treated mice and is phenol extractable; the other is lethal for mice, pyrogenic for rabbits, and extractable with ethylenediamine-Pronase. Both extracts may be the same except that the phenol extract is less active and is not pyrogenic. The latter interpretation appears unlikely, however, since the phenol extract gave an LD50 of 4.6 mg in mice and was nonpyrogenic in rabbits, whereas the ethylenediamine-Pronase extract only gave an LD50 of 6.7 mg and was highly pyrogenic.
An additional dissimilariy between bacterial endotoxin and fungal toxin was the resistance of the latter to ethanolic NaOH ( On the other hand, the lack of fungal inactivation by alkali may also be due to a protective effect of the toxin bound to chemically inert substances in the cell wall in a way hypothesized to explain inextractability.
Finally, the gross chemical constituents of the active fungal substances differed substantially from those of classical bacterial endotoxin. If it is assumed that the fungal toxicity is represented by one or more of the chemical constituents detected and that the toxins are not very potent, thus requiring very large amounts of material for activity, then the following interpretation could account for the possible toxic moiety. The major chemical component of the fungal extracts (i.e. phenol extract or ethylenediamine-Pronase extract) was carbohydrate consisting of mannose and glucose, presumably as mannan and glucan, respectively. The ratio of mannose to glucose in the various extracts varied from 28:1 for peak I material to about 1:5 for the ethylenediaminePronase residue. Since all of the toxic extracts and residues were lethal to mice, the ratio of mannose to glucose would not appear to play a role in mouse toxicity. Also, this ratio seems irrelevant with respect to rabbit pyrogenicity because the phenol extract of the cell walls was only toxic to mice whereas the ethylenediamine-Pronase extract produced pyrexia in rabbits (as well as being toxic to mice) yet both contained approximately equal molar ratios of glucose to mannose. Glucosamine was detected only in the ethylenediaminePronase residue which may indicate the presence of chitin and also explain the relatively low value of carbohydrate for the residue, since chitin would not be digested by the hydrolytic conditions used for the measurements of carbohydrate. A major chemical difference noted between the extracts toxic only to mice and apyrogenic to rabbits, and those products toxic to both species, was the presence of relatively low amounts of protein associated with the former, and high amounts with the latter. Perhaps, then, the carbohydrate moiety causes toxicity in mice, and the relative amount of protein determines whether the substance is pyrogenic.
It may be argued conversely, that the fungal toxin is not of a single molecular species, that the fractions were crude, consisting of two or more substances and the major chemical constituents were, in fact, unrelated to toxicity. None 
